What we believe to be a novel multipass, acoustically open photoacoustic detector designed for fastresponse, high-sensitivity detection of trace gases and pollutants in the atmosphere is demonstrated. The acoustic pulses generated by the absorption of the light pulses of a tunable optical parametric oscillator by target molecules are detected by an ultrasonic sensor at 40 kHz. The photoacoustic signal is enhanced by an optical multipass arrangement and by concentration of the acoustic energy to the surface of the ultrasonic sensor. The detection sensitivity, estimated from CO 2 measurements around a 2 m wavelength, is ϳ3.3 ϫ 10 Ϫ9 W cm Ϫ1 .
Introduction
Photoacoustic detection of trace concentrations of gases is one of the most sensitive techniques of infrared absorption spectroscopy. 1 High-sensitivity photoacoustic detectors apply an acoustic resonator for the amplification of the weak photoacoustic signal. [2] [3] [4] They are often equipped with acoustic filters for suppressing noise generated by window absorption. These photoacoustic detectors are often used in either the stopped-flow mode or the flow-through mode. In the first case the gas flow is interrupted for the time of the measurement. This type of photoacoustic detector works in a cyclical manner, i.e., each measurement consists of three steps (filling the sample gas, measuring the photoacoustic signal, and evacuating the photoacoustic detector), and the cycle is repeated regularly when trace gas concentration changes have to be monitored.
In the second case the gas to be measured flows continuously through the photoacoustic detector. A few of these detectors were also referred to as an open photoacoustic cell 5 or a windowless photoacoustic cell. 6, 7 These detectors are open for the flow, but they are acoustically closed for the sound wave generated in the resonator. To obtain high acoustic amplification in the resonator, the acoustic reflection coefficient has to be high at the open apertures of the resonator. Therefore the resonators are terminated by high acoustic impedances provided by acoustic filters. This solution also protects the acoustic resonator against the outside noise.
True free-field photoacoustic measurements have also been published. 8 -10 The photoacoustic signal generated by the absorption of pulses from a powerful CO 2 laser in a liquid layer adsorbed on a solid surface was measured at a distance of a few centimeters by a microphone. 8 In a recent work 9 the distance of sound detection was increased to ϳ10 m by using a parabolic mirror to concentrate the acoustic energy onto the membrane of the microphone.
In another open-air application, sound signals produced by laser absorption due to SF 6 leakage were detected 10 by a microphone. Since the laser light was completely absorbed by the SF 6 in less than a 1 mm distance, the sound source could be regarded as a point source emitting an outgoing spherical acoustic wave with a 1͞r 2 spatial distribution of the sound power. Therefore the sound pressure was significantly reduced between the source and the microphone.
In the open-air measurements, the acoustic noise from the environment was the main interference factor. To obtain measurable acoustic signals, these experiments were performed using high laser pulse energy and strong gas absorption. Moreover, time gating or convolution techniques had to be used to suppress the acoustic noise.
In this paper we present a novel acoustically open photoacoustic detector, which can be used with pulsed laser sources having weak or medium pulse energy. This detector is designed for high-sensitivity monitoring of trace gases and pollutants in an open atmosphere. By employing high harmonic detection, the acoustic noise from the background environment is effectively eliminated.
Concept of the Present Detector
Some of the most important light sources for absorption spectroscopy are tunable IR solid-state lasers, such as quantum-cascade lasers, diode lasers, and optical parametric oscillators (OPOs). Many of these lasers work well in the pulsed mode, emitting nanosecond pulses at a kilohertz to megahertz repetition rate.
Consider a pulsed solid-state laser that emits light pulses with a 10-50 ns duration. The time profile of the laser pulse may be approximated by a Gaussian. The absorption of the laser pulse by a gas produces an acoustic signal whose time profile corresponds to the time derivative of the light pulse 11 ; i.e., a unipolar laser pulse produces a bipolar acoustic pulse with essentially the same time duration. Since such bipolar acoustic pulses are produced everywhere in the cylindrical volume occupied by a collimated laser beam, the total duration of an acoustic pulse propagating outward from the cylindrical laser beam is proportional to the transit time of the acoustic pulse across the diameter of the laser beam. Assuming a beam diameter of 3 mm and an acoustic velocity in free air of 331 m͞s, the duration of the acoustic pulse can be estimated as ϳ9 s. The frequency spectrum of the bipolar acoustic pulse consists of frequency components whose amplitudes form an envelope that is close to a Gaussian peaked around 110 kHz, corresponding to a peak acoustic wavelength of around 3 mm.
In conventional photoacoustic detection, these primary acoustic pulses will excite the modes of an acoustic resonator. A single acoustic pulse, because of its broad spectrum, will generate several eigenmodes in the resonator, resulting in a complicated ringing signal. Single-mode excitation could be obtained by using a high-Q acoustic resonator with carefully designed excitation geometry and microphone position. In this case the light pulse generates a slowly decaying sine signal whose initial amplitude can be used as a quantitative measure of the absorption. 11 Pulsed lasers that emit a periodic pulse train can be used with a resonant photoacoustic detector whose resonance frequency is close to the repetition frequency of the laser. After a short transient period a steady-state oscillation will be reached, and the microphone detects this oscillation as a signal at the repetition frequency, usually in the low kilohertz range. This technique was used successfully in measurements with a multi-kilohertz tunable optical parametric oscillation source. [12] [13] [14] However, only a small portion of the available acoustic energy is utilized by such a detection technique. Assume that the primary acoustic signal is a periodic train of 10 s bipolar acoustic pulses (modeled by a single period of a sine function) with a repetition rate of 4 kHz (see Fig. 1 ). The frequency spectrum of this signal contains components at the harmonics of the repetition rate of 4 kHz, and the amplitude of the harmonics maximizes near 100 kHz, the inverse value of the acoustic pulse duration of 10 s. The amplitude at the peak frequency component is ϳ17 times higher than at the fundamental frequency (see Fig. 2 ).
Therefore when the above train of laser pulses is used to excite acoustic pulses in a free field, the best sensitivity is obtained if the sensor or microphone used has its peak sensitivity close to the peak of the spectral envelope, which is in the ultrasonic region. An ultrasonic sensor with resonant characteristics such that one of the harmonics of the acoustic spec- trum overlaps with the resonance peak of the sensor will be the best choice. In this case the sensor will respond at its resonant frequency, and the periodic excitation will result in a strong oscillation in the sensor. That is, the photoacoustic signal will be similar to that obtained in a resonant photoacoustic cell, but the role of the acoustic resonator is now played by the resonant ultrasonic detector. An acoustically open detector measures the primary photoacoustic signal in open air. Since all acoustic noise can freely penetrate into the detector, this device needs to function in a noisy environment. Therefore it is necessary to design a detector that will enhance the signal while discriminating against the unwanted noise.
This goal is achieved by using an optical multipass arrangement for the generation of the photoacoustic pulses, applying acoustic mirrors to concentrate the acoustic energy into a focal point and using a resonant ultrasonic sensor located at the focal region. We note that using the resonance enhancement in a highfrequency detector has been demonstrated with a quartz-crystal tuning fork that has a Q of 8000. 15 Here we show that an ultrasonic detector with a multipass arrangement could produce a similar sensitivity although it has a lower Q factor. Furthermore the ultrasonic detector is easier to align because it has a larger sensing surface. The details of the system are given in Section 3.
Multipass Acoustically Open Photoacoustic Detector
The multipass acoustically open photoacoustic detector 16 (MOPAD) consists of two acoustic reflectors, a plane one and a parabolic one, positioned parallel to each other, as shown in Fig. 3 . The reflectors are made of Al with a polished metal surface. The parabolic reflector has a diameter of 80 mm and a focal length of 25 mm.
A laser beam is reflected back and forth between two parallel gold-coated optical mirrors to trace out a plane that is parallel to the acoustic mirrors and located 5 mm above the parabolic mirror. A typical alignment with ten passes is shown in Fig. 4 . The laser beam at each pass generates an outgoing cylindrical sound wavefront. The envelopes of these wavefronts approximate two planes: One propagates toward the parabolic mirror and the other one toward the plane acoustic mirror. A small portion of the acoustic energy is lost through the open sides of the detector, but the main portion remains inside. The distance between the plane of excitation and the plane acoustic mirror is adjusted to one half of the acoustic wavelength determined by the inverse of the repetition frequency of the laser. Thus the plane wave reflected from the plane acoustic mirror will arrive back to the excitation plane at the moment when the next acoustic pulse is generated. The combined direct and reflected wavefronts propagate toward the parabolic mirror and will be focused to a point where the ultrasonic sensor is located. The ultrasonic sensor used in the experiment was a muRata sensor of type MA40B8R with a resonant response centered at 40 kHz. The directivity of the sensor is quite high, the Ϫ6 dB points (halfpressure value compared to the axis) are at Ϯ20°, and the response for signals coming from the side at 90°is more than 30 dB weaker than the axial response.
The diameter d of the focal area is determined by the diffraction formula d ϭ 2.44 ϫ ͑f͞D͒, where f, , and D are the focal length, the acoustic wavelength, and the diameter of the mirror, respectively. The acoustic wavelength here is that of the primary acoustic wave, which is approximately the same as the diameter of the laser beam. Taking ϭ 3 mm, f ϭ 25 mm, and D ϭ 80 mm, the diameter of the focal spot can be calculated as d ϭ 2.3 mm, which is much smaller than the ϳ10 mm diameter of the ultrasonic sensor. Thus all the reflected acoustic energy is concentrated within the sensing area of the detector.
The effectiveness of the energy concentration can be estimated as follows: Two plane acoustic wavefronts, a direct one and a reflected one, are concentrated simultaneously to a focal area of ϳ4.1 mm 2 ͑d 2 ͞4͒. The area of each wavefront can be estimated (see Fig. 4 ) as 50 mm ϫ 70 mm ϭ 3500 mm 2 so that the concentration factor is 7000 mm 2 ͞4.1 mm 2 ϳ 1700. This value, however, is not realistic, because only the area covered by the laser beams emits sound. The emitting surface can be estimated as 70 mm ϫ 3 mm for each beam. Thus the total emitting surface is ϳ2100 mm 2 for the ten beams and 4200 mm 2 taking into account both the direct and the reflected waves. Since the primary acoustic wave is cylindrical, only the component of the primary wave that propagates in a direction parallel to the normal of the plane can be counted. This brings a factor of 2͞ (the average of the integral of the cosine function from Ϫ͞2 to ͞2) to yield a realistic concentration factor of ͑2͒͞ ϫ 4200͞4.1 ϳ 650 for this open photoacoustic detector design.
Experiment and Results
To demonstrate the utility of the MOPAD, we measured the absorption spectrum of atmospheric CO 2 in the environment of our laboratory. Figure 5 is a schematic diagram of the setup for the measurement. The IR light source was a grazing-incidence OPO based on quasi-phase-matched periodically poled LiNbO 3 pumped by a commercial laser-diode-pumped acoustooptic Q-switched Nd:YAG laser. 17 The source was operated at ϳ4 kHz with a pulse duration of 21 ns. The IR output was tuned to around 2 m. After passing through the filter, the IR beam was aligned to make ten passes through the open cell of the MOPAD. An ultrasonic sensor was located at the center of the plane carved out by the laser beam.
The photoacoustic signal detected by the ultrasonic sensor was fed into a lock-in amplifier (Stanford Research SR830 DSP), which was triggered at the laser repetition rate. The time constant of the lock-in amplifier was set to 0.3 s.
The lock-in amplifier was set for harmonic detection, and the harmonic number and the laser repetition rate were adjusted to maximize the photoacoustic signal. This condition was achieved at a 4.11 kHz repetition rate and harmonic number 10. Notice that the 41.1 kHz frequency is still far from the optimal detection range around 100 kHz. A factor of 2-3 improvement in the sensitivity could be expected with a sensor matched to the optimal frequency range of the photoacoustic signal.
The experiment was controlled by a LabVIEW code. Photoacoustic spectra were taken by scanning the OPO by means of a stepping motor through a wavelength range where CO 2 absorbs. The lock-in output signal, output phase, and laser power were recorded at each wavelength step. The recorded data were evaluated by using ORIGIN software.
The photoacoustic spectrum of CO 2 was measured around 2 m, where CO 2 has a vibrational-rotational band structure. HITRAN spectra for different water and CO 2 concentrations were convolved with the IR line-shape function and were compared with the measured photoacoustic spectrum. The best agreement was found at 500 parts per million CO 2 and 1.7% water concentrations, which are reasonable values inside a laboratory where several people were working. The measured and simulated spectra are shown in Fig. 6 . The elevated baseline in the CO 2 spectrum is a consequence of the finite OPO line shape. The irregularities in the measured CO 2 absorption band structure are due to interference of the water absorption lines.
It is not easy to determine the absolute sensitivity of the novel MOPAD system. The most serious problems are the absorption due to the presence of unknown air pollutants and spurious photoacoustic signals generated everywhere along the laser beam. Both phenomena could result in an increase of the background signal in the MOPAD cell. It was found, however, that the background signal measured by blocking the laser beam in front of the cell decreased to the level of the acoustic-electronic noise of ϳ40 nV measured by shutting off the pump laser in some wavelength regions. This average noise figure of 40 nV allowed us to make an estimation of the sensitivity of the open cell, using the result of the CO 2 measurement. The signal at the frequency of 4964.4 cm Ϫ1 whose peak corresponds to 25.8 V was selected in Fig. 6 and compared with the absorption coefficient ␣ ϭ 1.67 ϫ 10 Ϫ5 cm Ϫ1 from HITRAN. The minimal detectable absorption coefficient at a signalto-noise ratio (SNR) of 1 is estimated as ␣ min ϭ ͑0.04 V͞25.8 V͒ ϫ 1.67 ϫ 10 Ϫ5 cm Ϫ1 ϭ 2.6 ϫ 10 Ϫ8 cm
Ϫ1
. Taking into account the 126 mW power of the OPO at that wavelength, a sensitivity of S ϭ 3.3 ϫ 10 Ϫ9 W cm Ϫ1 is estimated for the MOPAD. This value is only approximately three times smaller than the sensitivity value ͑S ϭ 1 ϫ 10 Ϫ9 W cm
͒ of the significantly more complex enclosed differential photoacoustic cell 18, 19 with an acoustic resonator.
An alternative way to determine the sensitivity is to compare the signals detected by the open cell with those by a calibrated closed differential cell. We mounted a differential cell used in a previous experiment 13 in front of the open cell and aligned the laser beam first through the differential cell and then the open cell. Ambient air was pulled through the differential cell with a peristaltic pump. The noise and pressure fluctuations produced by this pump were damped by using an ϳ1 m long plastic tubing between the differential cell and the pump. The acoustic background noise measured when the OPO was turned off was the same with and without the air pumping.
The average value of the photoacoustic signal measured by tuning the OPO to the peak at 4964.4 cm Ϫ1 was 557 V for the differential cell and 22.1 V for the open cell. The difference in magnitude of the signal is mainly due to the higher sensitivity of the electret microphone compared with the ultrasound sensor. However, the noise was also higher: ϳ0.270 V for the differential cell compared with the 0.040 V noise of the open cell. Thus the overall SNR of the differential cell (SNR of 2060) was approximately only a factor of 3.7 larger than that of the open cell (SNR of 550). Since the detection sensitivity of the differential cell has been determined 13 
Discussion
The feasibility of a novel acoustically open photoacoustic detector for trace gas detection and monitoring has been successfully demonstrated. In the new design the advantages of an optical multipass arrangement, acoustic energy concentration, and highfrequency signal detection by a resonant ultrasonic detector are combined in a compact unit, which can be used without gas sampling in free air in an arbitrarily acoustically noisy environment.
The detector can be placed in an open environment where the air or gas is to be monitored. The detector can respond to changes of the gas concentration in the environment instantaneously to within a few time constants of the measurement electronics. Because of the high detection frequency and narrow bandwidth of the MOPAD, there is almost zero acoustic noise that could disturb the signal. Therefore the noise floor of the novel detector is equivalent to or better than that of the best closed photoacoustic detectors. 18 The amplitude of the signal for comparable absorption and laser power is smaller than that of the differential detector. This difference is a consequence of the lower sensitivity of the ultrasonic sensor (typically ϳ1 mV͞Pa) in comparison with the sensitivity of the miniature electret microphones ͑ϳ100 mV͞Pa͒.
There are several possibilities to improve the overall detection sensitivity of the MOPAD. First, impedance matching of the ultrasonic sensor to the input channel of the lock-in amplifier could be better. Similarly, the acoustic impedance mismatch between that of air and the sensor could be reduced by applying an acoustic antireflection layer on the sensor surface. As mentioned before, a sensor with a higher resonance frequency would also be better. Finally, a smaller beam diameter and more light passes inside the detector could increase the signal. Thus the sensitivity limits achieved by acoustically closed photoacoustic detectors could be approached by the MOPAD in the next step of the development.
In ambient air there are several hundred different pollutant molecules. To facilitate their identification without a molecule-specific separation step preceding the photoacoustic measurement, and to reduce the interference of water absorption, the IR fingerprint region should be selected for the utility of this open design. In this wavelength region the characteristic absorption bands of the different molecules can be well distinguished. Simultaneous multiwavelength monitoring will provide high species selectivity.
The MOPAD could be combined with compact pulsed lasers such as the quantum-cascade lasers that work in the IR fingerprint region for trace gas sensing in open air. Such a device will be an ideal tool to monitor concentration changes of species that are unstable or tend to adsorb on surfaces, such as ozone, NO, NO 2 , ammonia, water, SO 2 , etc. To avoid spurious photoacoustic absorption signals from the environment, the quantum-cascade laser could be integrated with the open cell into a compact mechanical unit.
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